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Completion of cytokinesis, abscission, has been studied little despite the intensive studies of the onset and contractile
mechanism of the earlier phases of division. It has been well documented that microtubule (MT) disruption before furrow
stimulation prevents furrowing, while MT disruption after furrow stimulation allows division to proceed. We have
confirmed those findings using the MT inhibitors, nocodazole and demecolcine. In addition, we have found that MT
disruption after furrow stimulation but before completion of division prevents abscission as evidenced by the observation
that prospective daughter cells in MT-disrupted eggs maintain electrical continuity. Continued observation of eggs revealed
that the furrow in MT-disrupted eggs did not result in abscission, but rather held steady until the time when controls
underwent second cleavage, at which point the furrows regressed. These findings extend the recent reports that MTs are
required for completion of division in mammalian tissue culture cells and frog eggs, to invertebrates, suggesting a common
mechanism of abscission for animal cells. © 1999 Academic PressKey Words: cytokinesis; microtubule; sea urchin.
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Although cytokinesis has been studied intensively, the
physical separation of daughter cells, which we will herein
call abscission, has received comparatively little attention.
The cytoskeletal machinery present during mitosis consists
of the microtubule (MT)-based mitotic apparatus that sepa-
rates the chromosomes and positions the division furrow,
and the actin–myosin-based contractile ring (CR) that con-
stricts the cell by deforming the cell membrane. The
mitotic apparatus begins disassembling as the CR forms,
then, just before the incipient daughter cells separate, the
CR becomes undetectable ultrastructurally. The midbody,
visible in living cells because of the MT component, is the
remaining cytoskeletal element present in the vicinity of
the cytoplasmic bridge. Do MTs mediate abscission? Our
recent discovery that MTs are required for division in frog
eggs (Danilchik et al., 1998) led us to examine the distribu-
ion and function of MTs during abscission in sea urchin
ggs, a classical model for studying cell division.
Although this paper addresses the role of MTs at the end
f cytokinesis, it is instructive to begin with a description
f the more familiar role of MTs in stimulating furrowing,
ince this is a necessary step before abscission can occur.
he majority of studies of the mechanism of furrow stimu-
A
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All rights of reproduction in any form reserved.ation in sea urchin eggs support the hypothesis that astral
icrotubules interact with the cell cortex during anaphase
uch that the CR forms as a narrow belt perpendicular to
he long axis of the spindle. Chromosomes are evidently not
equired for CR formation, as their removal, following
lignment at the metaphase plate, does not hinder cytoki-
esis (Zhang and Nicklas, 1996). Microsurgical removal of
pindle MTs, leaving astral MTs intact, does not inhibit
ivision (Hiramoto, 1971), showing that spindle MTs are
lso not necessary for CR stimulation. MT disruption with
olchicine, prior to anaphase, does prevent furrowing, sug-
esting that astral MTs are necessary for furrow stimulation
Beams and Evans, 1940; Swann and Mitchison, 1953). The
ost compelling evidence that astral MTs, but not spindle
Ts or chromosomes, are involved in furrow stimulation is
rom an experiment displacing the first mitotic apparatus
ith a glass rod, which generates a torus-shaped, binucleate
gg. The rod was kept in place through second cleavage, at
hich point the embryo was able to generate a furrow
etween the two asters that were not connected by a
pindle, as well as at the midpoints of the two spindles,
howing that the influence of two asters on the responsive
ortex is sufficient for cleavage initiation (Rappaport, 1961).
lthough furrowing can be initiated experimentally from
ell before anaphase to well after furrowing is normally
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216 Larkin and Danilchikcomplete (Rappaport and Rappaport, 1993), microsurgical
removal of asters at the end of anaphase does not hinder
division (Hiramoto, 1956). Taken together, these experi-
ments indicate that the asters normally trigger CR forma-
tion during anaphase, after which they are unnecessary for
furrowing. Furrowing requires intact microfilaments and, at
a minimum, the actin-regulating proteins, Rho, MAD-1,
citron, and AIM-1 (Mabuchi et al., 1993; Drechsel et al.,
1997; Jin et al., 1998; Madaule et al., 1998; Terada et al.,
998).
Once the CR has formed, it begins constricting the cell in
way that was for a time compared to the contractile
ctivities of muscle fibers (for example, Schroeder, 1968).
owever, unlike skeletal muscle fibers, the CR does not
ormally relax after contraction, and it maintains a con-
tant width and thickness such that it becomes smaller
olumetrically as it contracts (Goodenough et al., 1968;
chroeder, 1972). When the CR is approximately 6% of its
riginal diameter, it becomes undetectable and is presumed
o be completely disassembled, after which the daughter
ells separate completely (Schroeder, 1970, 1972). The re-
ulting cytoplasmic bridge is present normally only briefly
s demonstrated by both electrophysiological (Ashman et
l., 1964; Tupper et al., 1970; Dale et al., 1982) and dye
njection techniques (Pochapin et al., 1983; Sanger et al.,
985; Cameron et al., 1989; McCain and McClay, 1996;
ummers et al., 1996). However, under a variety of condi-
ions that may destabilize MTs, the cytoplasmic bridge can
ersist long into the next division cycle before abscission is
ccomplished, suggesting that MTs may function in abscis-
ion (Scott, 1946; Vacquier, 1968; Schroeder, 1972).
During constriction of the cell by the CR, the midbody, a
T-containing structure, forms in the cytoplasmic bridge
onnecting the two presumptive daughter cells. The mid-
ody is composed of bundles of short MTs that interlace at
he cleavage plane. This region of MT overlap is also a site
here many proteins congregate during telophase. Of these
roteins, the ones that have been shown experimentally to
e necessary for abscission, but not furrowing, have a
icrofilament- or MT-binding domain. For example,
edd5, a mammalian septin family member, associates
ith actin and is found in the midbodies of dividing cells.
edd5 can be disrupted by injection of a monoclonal
ntibody, after which cells begin furrowing but are unable
o undergo abscission (Kinoshita et al., 1997). INCENP, a
hromosomal passenger protein with a MT-binding do-
ain, also localizes to the center of the midbody at the end
f division. When the MT-binding domain is mutated,
NCENP no longer associates with the midbody and the
ells suffer a failure of abscission (Mackay et al., 1998).
Although the function of midbody MTs is still uncertain,
ecent experiments have shown that pharmacological dis-
uption of midbodies in mammalian tissue culture cells
esults in failure of abscission (Julian et al., 1993). Intracel-
ular injection of antibodies to g-tubulin prevents formationof a normal midbody and presumably any other MT struc-
tures nucleated after anaphase and also prevents separation
Copyright © 1999 by Academic Press. All rightof daughter cells, suggesting that newly nucleated MTs are
required for abscission (Shu et al., 1995). Together, these
findings suggest that abscission utilizes both microfila-
ments and MTs in mammalian cells.
Naturally occurring pseudofurrows, as well as some ex-
perimentally induced ones, fail to cause abscission and also
lack MTs in the cytoplasmic bridge. For example, the polar
lobe furrow in the egg of the mollusc, Ilyanassa obsoleta,
constricts so tightly that it appears to have completely
separated the polar lobe from the rest of the embryo.
However, the polar lobe constriction does not surround
MTs, and it relaxes prior to the next cleavage (Conrad et al.,
1992, 1994). Some substrate-adherent Dictyostelium dis-
coideum myosin II mutant cells are able to form furrows,
presumably through traction. However, these furrows
rarely lead to complete division and the MTs are in an
interphase-like arrangement, i.e. the cytoplasmic bridge
does not contain a division-related MT structure, although
some unidirectional MTs may pass through (DeLozanne
and Spudich, 1987; Knecht and Loomis, 1987). In mamma-
lian tissue culture cells a direct correlation was found
between the presence of MTs, but only in a midbody-like
structure, and the ability of experimentally induced furrows
to complete division (Savoian et al., 1999). Finally, in sand
dollar eggs, experimental repositioning of the mitotic appa-
ratus after furrow initiation causes regression of the furrow,
but only if the spindle portion of the mitotic apparatus is
moved completely out of the constriction (Rappaport and
Rappaport, 1993). Since it has been shown that the spindle
is not required for furrow stimulation, it appears that MTs
in the cleavage plane act at a point later in division—
presumably abscission. The similar requirements for MTs
in abscission of substrate-adherent and spherical cells sug-
gests that the mechanism of abscission in both cell types is
also similar. Here we reexamine the end of cytokinesis in
sea urchin eggs and present evidence that MTs are required
for abscission in these eggs.
METHODS
Gamete collection and fertilization. Strongylocentrotus pur-
puratus were collected from the Oregon coast (Oregon Department
of Fish and Wildlife Permit No. 8-1291) or purchased (Marinus) and
maintained in a chilled salt water tank. At all times gametes and
embryos were kept between 8 and 15°C. Animals were spawned by
injection of 0.5 M KCl (2 to 5 mL); sperm were collected by
inverting males over dry petri dishes and eggs were collected by
inverting females over small beakers full of artificial sea water
(ASW). Eggs were separated from detritus by filtering through
250-mm Nitex mesh and rinsing twice with ASW and then once
with 12 mM paraaminobenzoic acid in ASW, pH 8.2 (PABA-ASW)
to prevent hardening of the fertilization membrane. Sperm were
activated by 1:500 dilution in ASW, and synchronous fertilization
was accomplished by mixing eggs in a minimal volume of PABA-
ASW and sperm at a 1:5 ratio. One minute after addition of sperm,
the eggs were flooded with PABA-ASW, allowed to sit for 15 min,
and then filtered 8 times through 73 mm Nitex mesh to remove the
fertilization membranes. For demecolcine experiments, eggs were
s of reproduction in any form reserved.
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217MTs in Sea Urchin Cytokinesiswashed with ASW, concentrated, fertilized with diluted sperm as
above, and then, after 1 min, rinsed twice with ASW. For experi-
ments requiring removal of the hyaline layer, eggs were fertilized in
a minimal volume of ASW, flooded within 1 min with Ca21
Mg21-free ASW, rinsed twice with Ca21 Mg21-free ASW, filtered
ight times through 73-mm Nitex mesh to remove both the
ertilization membrane and hyaline layer, and then rinsed twice
nd incubated in Ca21-free ASW to prevent reformation of the
yaline layer (Strathmann, 1992). As a control for the effects of
evelopment without the hyaline layer, some eggs were treated
ith 1 M urea in deionized water for 2.5 min and then fertilized
ith dilute sperm as above. After 1 min, the eggs were rinsed twice
ith ASW (Moore, 1930).
Pharmacological treatments. Eggs were transferred to 10
mg/mL (33 mM) nocodazole or 0.1% DMSO at several time points
prior to furrowing. Eggs determined retrospectively to have been
treated with nocodazole 15 6 3 min before furrowing had the
ighest incidence of eggs that initiated furrowing but were unable
o finish dividing. Eggs were photographed with a 503 water
immersion lens (Leitz) on T-Max or TechPan 35 mm film (Kodak).
Alternatively, eggs were transferred to 0.9 mM demecolcine or 0.9
mM UV-inactivated demecolcine at multiple times prior to the
anticipated time of first cleavage. As with the nocodazole-treated
eggs, actual times of treatment relative to furrowing were deter-
mined retrospectively. A stock solution of demecolcine was inac-
tivated by 30 min irradiation with ultraviolet light from a 100-W
mercury arc lamp, filtered to 340 to 380 nm, with a light path of
404 mm (Aronson and Inoue´, 1970; Sluder, 1976).
Fixation and microscopy. Denuded eggs were fixed in Gard’s
fixative (modified as in Danilchik et al., 1998) for 2–4 h at 4–10°C
and then postfixed in ethanol or methanol indefinitely at 220°C.
Eggs retaining fertilization membranes were fixed in 220°C metha-
nol to achieve adequate fixation of MTs. Fixed eggs were pelleted
by centrifugation between washes. Eggs were centrifuged at a low
speed on a clinical centrifuge (IEC) for 2–3 min or at a high speed on
a microcentrifuge (Taylor) for 2–3 s. Background fluorescence due
to unreacted aldehydes was reduced by treatment with 100 mM
NaBH4 in PBS overnight. Eggs were rinsed three times in NTBS
(155 mM NaCl, 10 mM Tris, pH 7.4, 0.1% NP-40) after reduction
and antibody treatments. MTs were stained with a monoclonal
antibody directed against a-tubulin purified from S. purpuratus
(B-5-1-2, diluted 1:1000, Sigma) for 1 h with agitation and visual-
ized with TRITC-conjugated goat anti-mouse secondary antibody
(diluted 1:1000, Sigma) also incubated for 1 h with agitation. After
washing in NTBS, stained eggs were dehydrated in ethanol or
methanol and cleared in 2:1 benzyl benzoate: benzyl alcohol. Eggs
were imaged on a confocal microscope (Bio-Rad MRC500) with a
high/low pass filter (KronHite) using Kalman averaging and a 633
Planapo oil immersion lens (N.A. 1.2, Zeiss). Stacks of images were
analyzed and projected using NIH Image (version 1.61) on a
Macintosh computer. NIH Image was developed at the U.S. Na-
tional Institutes of Health and is available on the Internet at
http://rsb.info.nih.gov/nih-image.
Electrophysiology. Eggs raised for electrical recordings were
fertilized and treated with nocodazole or DMSO as described above.
One-millimeter glass capillaries, with filament, were pulled into
20- to 30-MV electrodes with an electrode puller (Narishige), filled
with 4 M potassium acetate, and mounted in electrode holders
filled with ASW. Cover glass was coated with 10 mg/mL poly-L-
ysine (Sigma), rinsed 10 times in water, and allowed to dry.
reated eggs were placed on coated coverslips and the coverslips
ere placed in an electrically grounded plastic recording chamber.
Copyright © 1999 by Academic Press. All righthe recording chamber rested on an aluminum cooling plate with
old water running through it to maintain the embryos between 12
nd 14°C during recording. After initiation of furrowing, each of
he incipient daughter cells was impaled with an electrode. Hyper-
nd depolarizing pulses were then introduced in one cell while
ecording from both cells, following which the other cell was
ulsed. Data were passed through an analog/digital converter and
aved via a video tape recorder (Sony). For analysis, recordings were
assed back through the digital/analog converter, through a com-
uter interface (Instrutech), onto a Macintosh computer using
cquire (Bruxton) and Igor (WaveMetrics) software.
RESULTS
Timing of MT Disruption
Because there is known to be a delay between the time of
colchicine application and the time of MT disruption
(Beams and Evans, 1940; Swann and Mitchison, 1953), the
length of delay in action of nocodazole and demecolcine
was determined by applying the drugs at different times
relative to fixation and then staining for MTs. Nocodazole
treatment of 15 or more minutes resulted in elimination of
MT staining (Fig. 1A), whereas treatment times of 10 or
fewer minutes had no discernible effects on MT staining
(Fig. 1B). DMSO, the solvent for nocodazole, had no effect
on MT staining (Fig. 1C). An array of MTs at the furrow
similar to the furrow array seen in frog eggs is present, and
this structure is currently being analyzed.
Treatment with demecolcine for more than 25 min
completely disrupted MTs (Fig. 2A), while treatment with
UV-inactivated demecolcine for 25 to 40 min had no
apparent effect on MTs (Fig. 2B). Eggs for demecolcine
treatments were not stripped of their fertilization mem-
branes. Although this resulted in a slightly longer delay in
action of demecolcine, the length of the delay was more
consistent than that observed for denuded eggs. Eggs in
fertilization membranes were fixed in 220°C methanol for
antibody staining because penetration of the aldehyde-
containing Gard’s fixative through the fertilization mem-
brane was insufficient for antibody staining.
Because there is some variability in the timing of first
cleavage, for this and subsequent experiments, groups of
eggs were treated at multiple time points prior to the
anticipated time of first cleavage. The time of first cleavage
was then recorded and the actual time of treatment, relative
to furrowing, was determined. Demecolcine was found to
act more slowly and more variably than nocodazole, mak-
ing interpretations of the results much less certain. Higher
concentrations of demecolcine, which should disrupt MTs
more quickly, show effects unrelated to MT disruption, as
revealed by similarly high concentrations of UV-inactivated
demecolcine (Sluder, 1976, 1979) and were not used in this
study. Therefore, the results from nocodazole disruption of
MTs are more conclusive, but parallel demecolcine experi-
ments were run to act as a positive control for the effects of
MT disruption.
s of reproduction in any form reserved.
218 Larkin and DanilchikFIG. 1. Treatment with nocodazole for at least 15 min (in this case 21 min) completely dissolved MTs (A). Nocodazole treatment for 10
min did not disrupt MTs perceptibly (B). DMSO, the solvent for nocodazole, had no effect on MTs (C). Eggs were stripped of their hyaline
layer after fertilization. Length of treatment also reflects time prior to cleavage that treatment began.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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Copyright © 1999 by Academic Press. All rightDisruption of MTs during Early Anaphase to
Midanaphase Prevents Furrowing
The necessity of MTs for furrow stimulation was con-
firmed by MT disruption 5 min before furrowing. Eggs were
treated with nocodazole 20 to 25 min before furrowing or
with demecolcine 30 to 40 min before furrowing, and
furrowing was blocked in all eggs (Figs. 3A and 3B). Eggs
were in early to midanaphase at that time; therefore, MTs
were disrupted at the expected time of furrow stimulation,
resulting in the lack of furrowing. Not surprisingly, MT
disruption five minutes after first cleavage resulted in 98%
of eggs dividing normally when treated with nocodazole 0
to 10 min before first cleavage and 88.6% when treated with
demecolcine 4 to 11 min before first cleavage, since the
MTs were not disrupted until after abscission (Figs. 3D and
3E). These results are consistent with the timing of furrow
stimulation, early anaphase to midanaphase, that has been
established by many others using a variety of techniques
(Beams and Evans, 1940; Swann and Mitchison, 1953;
Hiramoto, 1956; Schroeder, 1990; Rappaport, 1996). All eggs
treated with DMSO or UV-inactivated demecolcine com-
pleted division (Figs. 3C and 3F).
MT Disruption Just before Abscission-Arrested
Cleavage
A novel result was obtained when MTs were disrupted
during division. Disruption of MTs after the furrow was
stimulated, but before division was complete, resulted in
furrow initiation followed by failed abscission (Fig. 4A).
Nocodazole treatment 13 to 17 min before furrowing re-
sulted in 45% of eggs failing to divide, 18% dividing
completely, and 37% arresting at abscission (results were
pooled from three batches of eggs, n 5 152). For the purpose
of visualizing the presence or absence of cytoplasmic
bridges, eggs were freed of the hyaline layer as follows,
which did not alter timing or effectiveness of nocodazole
treatment (see Fig. 1). Eggs without hyaline layers were
generated by incubation in Ca21 Mg21-free ASW shortly
after fertilization, filtering through 73-mm mesh and then
ulturing in Ca21-free ASW to prevent reformation of the
yaline layer (see Methods for details). Eggs raised in this
ay had normal cleavages and MT structures, but were
ragile. Alternatively, eggs lacking both the fertilization
embrane and the hyaline layer were generated by urea
reatment prior to fertilization, as this method has been
hown to result in the appearance of a hyaline substance
etween blastomeres (Moore, 1930; Fig. 4C). However, the
ppearance of the hyaline substance seen in urea-treated
ggs is unlike the connection visible between blastomeres
demecolcine did not disrupt MTs (B). DMSO-treatment did notFIG. 2. Demecolcine acts similarly to nocodazole, but more
affect MTs (C). Fertilization membranes were not removed, and
eggs were fixed in 220°C methanol.
s of reproduction in any form reserved.
220 Larkin and DanilchikFIG. 3. MT disruption before furrow stimulation prevented furrowing, while MT disruption after abscission had no effect on the
completed cleavage. An egg treated with nocodazole 21 min before first cleavage (A) and an egg treated with demecolcine 35 min before first
cleavage did not form a furrow (D). An egg treated with nocodazole at the time of furrow formation (B) and an egg treated with demecolcine
9 min before first cleavage (E) completed division. Treatment with DMSO (C) or UV-inactivated demecolcine for 35 min. (F) had no effect
on division. Eggs in A–C were freed of their fertilization membrane. Eggs in D–F retained their fertilization membrane.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
T
n
d
e
d
m
l
d
5
s
w
c
d
c
e
1
1
M
arrow). DMSO-treated eggs divided normally (B). Eggs in A and B
were stripped of the hyaline layer with Ca21 Mg21-free ASW to aid
221MTs in Sea Urchin Cytokinesis
Copyright © 1999 by Academic Press. All rightin Fig. 4A. Demecolcine treatment 16 to 20 min before
cleavage resulted in 17% failing to divide, 36% dividing
completely, and 47% arresting at abscission (results were
pooled from seven batches of eggs, n 5 497). Because the
connecting stalk is only visible in denuded eggs,
demecolcine-treated eggs are not shown here, but are
shown in Fig. 6.
Prospective Daughter Cells of Eggs That Arrested
at Abscission Maintain Electrical Continuity
Electrical coupling of prospective daughter cells was
tested to confirm that what we identified as a cytoplasmic
bridge in nocodazole-treated eggs was truly a cytoplasmic
connection. Both daughter cells were impaled with micro-
electrodes, following which one cell was alternately hyper-
and depolarized while recordings were made from both cells
(Fig. 5A). Impaling of the membrane was assured by mea-
suring membrane potential before and after hyper- and
depolarizing pulses. Membrane potentials ranged between
230 and 260 mV (not shown), which is consistent with
those described in other echinoderms (Ashman et al., 1964;
upper et al., 1970; Dale et al., 1982). Eggs treated with
ocodazole 15 min before first cleavage so that MTs were
isrupted during cleavage maintained electrical continuity
ven 40 min after furrow initiation (three of three); i.e., the
aughter cells remained ionically and, therefore, cytoplas-
ically coupled (Fig. 5B). DMSO-treated control eggs
acked electrical continuity (five of five), showing that
ivision had completed 20 min after furrow formation (Fig.
C). These results confirm that normal eggs separate
hortly after constriction by the contractile ring, while eggs
ith MTs disrupted just before abscission fail to sever the
onnection between daughter cells. The completion of
ivision in control eggs within 20 min of furrowing is
onsistent with findings in other echinoderms both by
lectrical recordings (Ashman et al., 1964; Tupper et al.,
970; Dale et al., 1982) and by dye injection (Pochapin et al.,
983; Sanger et al., 1985; Cameron et al., 1989; McCain and
cClay, 1996; Summers et al., 1996).
Failure of Abscission Resulted in Recession of the
First Furrow at the Time Control Eggs Underwent
Second Cleavage
Cleavage-arrested eggs were followed through to the time
that sibling controls underwent second cleavage to observe
visualization of the cytoplasmic bridge. Urea treatment to prevent
the fertilization membrane and hyaline layer from forming did not
result in a connecting stalk (C). The clear substance that appears
between blastomeres of many eggs thus treated is unlike the
connection caused by MT disruption (compare C and A) and noFIG. 4. MT disruption after furrow stimulation, but before abscis-
sion, arrested division. Nocodazole treatment 13 min before first
cleavage resulted in the lasting presence of a cytoplasmic bridge (A,such substance is seen between blastomeres of eggs demem-
branated with Ca21 Mg21-free ASW (B).
s of reproduction in any form reserved.
FIG. 5. Electrical continuity of prospective daughter cells is maintained in eggs that were prevented from undergoing abscission by MT
disruption. Both incipient daughter cells were impaled with microelectrodes, and recordings were made from both as each was
hyperpolarized and then depolarized (A). Cleavage-arrested eggs failed to complete division as evidenced by electrical continuity of the cells
40 min after initiation of furrowing (B, arrows). Control eggs treated with 0.1% DMSO divided completely within 20 min of initiation of
furrowing as can be seen by the lack of electrical coupling (C, arrows). The top two traces indicate voltage in the two cells and the bottom
line diagrams the current pulses.
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223MTs in Sea Urchin Cytokinesislater effects of MT disruption. Eggs from several batches
were photographed at multiple times between first and
second cleavage. Large numbers of eggs were scored by
photographing through a dissecting microscope, but for the
purpose of Fig. 6, individual eggs were followed through the
first two divisions in depression slides and photographed
through a compound microscope with a 503 water immer-
sion lens. First cleavage was initiated in eggs with MTs
disrupted just before abscission, as described above. No-
codazole treatment 13–17 min before furrowing allowed
formation of a furrow (Fig. 6A). However, at the time of
second cleavage of the DMSO-treated egg (Fig. 6F), the first
furrow of the nocodazole-treated egg regressed and no new
furrow formed (Fig. 6B). Treatment with demecolcine
16–20 min before furrowing also allowed formation of a
furrow (Fig. 6C) that then receded at the time of second
cleavage (Fig. 6D).
DISCUSSION
The necessity of MTs for completion of division in sea
urchin eggs is consistent with recent findings in frog eggs
(Sawai, 1992; Danilchik et al., 1998) and mammalian tissue
culture cells (Julian et al., 1993; Shu et al., 1995; Wheatley
and Wang, 1996), as well as with some older studies in other
echinoderms (Scott, 1946; Vacquier, 1968; Schroeder, 1972).
As expected, MTs are required during anaphase to stimulate
formation of the contractile ring. In addition, we have
shown with two pharmacological agents that disruption of
MTs immediately after furrow stimulation does not pre-
vent furrowing, as slightly earlier treatments do, but does
block abscission of the prospective daughter cells.
In eggs devoid of both fertilization membrane and hyaline
layer, when MTs are disrupted during cleavage a persistent
cytoplasmic bridge forms. The connecting stalk formed in
nocodazole-treated eggs is distinctly different from the
substance that appears between the clearly divided blas-
tomeres of eggs denuded with urea, as originally described
by Moore (1930). In addition, electrical continuity of daugh-
ter blastomeres was maintained only in eggs with MTs
disrupted during division, whereas normal eggs completed
division within 20 min of furrow formation. Although
batches of eggs are not completely synchronous, the analy-
sis of hundreds of eggs can correct for such small differ-
ences. Hamaguchi (1975) used half embryos to avoid the
slight differences in timing between embryos to investigate
the timing of furrow stimulation by MTs. Hamaguchi
(1975) confirmed that furrow stimulation occurs in early
anaphase and mentioned in passing that at some timepoints
of MT disruption furrows formed and later regressed, but he
did not further investigate this effect on abscission. The
phenomenon of abscission failure following MT disruption
was most likely not noticed previously due to the narrow
window in which MT disruption results in abscission
failure, as well as the delay between drug treatment and MT
disruption, and the difficulty of determining if cleavage is
Copyright © 1999 by Academic Press. All rightcomplete without removing the hyaline layer, making
electrical recordings, or waiting until the time of the next
cleavage.
MTs have now been found to be essential for abscission
in sea urchin eggs, frog eggs, and mammalian tissue culture
cells, so it is possible that MTs may mediate abscission
generally in animal cells. Which MTs are necessary for cell
separation remains unclear, although there is evidence in
frog eggs that midbody MTs are not essential for comple-
tion of division (Danilchik et al., 1998). Another study in
hich MTs were disrupted in dividing mammalian cells
uggested that newly nucleated MTs are required for abscis-
ion (Shu et al., 1995), which was also found to be the case
n frog eggs (Danilchik et al., 1998). MT organization is sea
rchin eggs is being investigated further since they also
ppear to have furrow MTs. Furrow or midbody MTs may
unction by transporting vesicles to the cytoplasmic bridge,
s is hypothesized for both frog and fish eggs (Danilchik et
l., 1998; Jesuthasan, 1998). MTs may also interact with
icrofilaments, possibly of the contractile ring, near the
nd of division to aid completion of division.
A variety of proteins have been found to colocalize
ith midbody MTs, some of which appear to be necessary
or cytokinesis. Disruption of many of the midbody-
ssociated proteins prevents furrowing altogether, for
xample, MAD1 and AIM-1, but these shed little light
n abscission (Jin et al., 1998; Terada et al., 1998).
owever, disruption of a small number of other mid-
ody-associated proteins causes furrowing to halt after
onstricting by as much as 50% and then relax, allowing
he cells to return to spherical, but binucleate cells.
hen the Ras-related protein, IQGAP, of D. discoideum
s inactivated by mutation, cells fail cytokinesis at ab-
cission (Adachi et al., 1997). Nedd5 is an actin-
associating protein of the septin family. Injection of
antibody to Nedd5 increases its GTPase activity, causes
it to dissociate from actin filaments, and ultimately
results in furrow relaxation (Kinoshita et al., 1997). The
recently described Caenorhabditis elegans formin family
protein, CYK-1, also has a microfilament binding region,
is found in the cytoplasmic bridge, and, when mutated,
prevents complete division of the cells (Swan et al.,
1998). INCENP, a chromosomal passenger protein, has
chromatin and MT association domains. When the MT
association domain is deleted from INCENP, it no longer
colocalizes with the midbody and abscission is prevented
(Mackay et al., 1998). In addition, ectopic furrows in
mammalian tissue culture cells that result in abscission
have midbody-like MTs as well as INCENP, while ec-
topic furrows that do not complete may have MTs, but
not in a midbody-like arrangement, and also lack IN-
CENP protein (Savoian et al., 1999). Additionally, actin–
myosin based traction has been found to be sufficient for
furrowing in D. discoideum, but abscission does not
occur and MTs are not organized as they would be in a
normal furrow (DeLozanne and Spudich, 1987; Knecht
and Loomis, 1987). In summary, there is now consider-
s of reproduction in any form reserved.
224 Larkin and DanilchikFIG. 6. The arrested first furrow of MT-disrupted eggs regressed at the time of second cleavage. An egg with MTs disrupted just before
abscission by nocodazole treatment 15 min before furrowing, initiated a furrow, although it was slightly later than controls (A). In the same
egg, at the time of second cleavage, the first furrow relaxed and no new furrow formed (B). An egg treated with demecolcine 17 min before
furrowing, at first cleavage (C), and seconds after the furrow receded, at the time of second cleavage of control eggs (D). A DMSO-treated
egg at first (E) and second (F) cleavages divided normally.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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225MTs in Sea Urchin Cytokinesisable functional evidence that MTs, in addition to micro-
filaments and several of their binding proteins, are in-
volved in separation of animal cells, thereby providing
the first clues to the nature of the machinery of abscis-
sion.
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